Invariant natural killer T cells (iNKT cells) respond to CD1d-presented glycolipids from Borrelia burgdorferi, the causative agent of Lyme disease. Although mouse and human iNKT cells respond to different antigens based on subtle differences in their fatty acids, the mechanism by which fatty acid structure determines antigenic potency is not well understood. Here we show that the mouse and human CD1d present glycolipids having different fatty acids, based in part upon a difference at a single amino acid position that is involved in positioning the sugar epitope. CD1d also can bind nonantigenic lipids, however, but unexpectedly, mouse CD1d orients the two aliphatic chains of a nonantigenic lipid rotated 180°, causing a dramatic repositioning of the exposed sugar. Therefore, our data reveal the biochemical basis for the high degree of antigenic specificity of iNKT cells for certain fatty acids, and they suggest how microbes could alter fatty acid biosynthesis as an immune evasion mechanism.
microbial glycolipids | immune evasion | lyme disease C D1 proteins constitute a family of antigen-presenting molecules (1) , similar in structure to MHC class I antigen-presenting molecules. CD1 molecules recycle through intracellular vesicular compartments, where they sample different lipid-containing antigens for cell-surface presentation to reactive T cells (2) (3) (4) . Humans express five family members (CD1a-e) that can be grouped into three groups based on sequence similarity: group 1 (CD1a-c), group 2 (CD1d), and group 3 (CD1e) (5, 6) . Mice express only CD1d. Crystal structures of human CD1a, b, and d, as well as mouse CD1d, without loading specific antigens, or in complex with different glycolipids or lipopeptides, have been extensively reviewed elsewhere (7) (8) (9) (10) . A common feature revealed by these structures is a CD1 hydrophobic binding groove that is formed between two antiparallel helices that sit above an antiparallel β-sheet platform. However, the size, number, and connection of the individual binding pockets (A′, C′, F′, and T′) within the grooves differ among the CD1 family members, which in turn affects the size and shape of the lipid antigens that each member can present (7) . Generally, however, the glycolipids or lipopeptides bind to CD1 with their lipid backbone tucked into the deeply buried hydrophobic pockets, whereas the head group is exposed at the CD1 surface for T cell recognition (9) .
A specialized subset of glycolipid and CD1d-restricted T lymphocytes are known as type I or semi-invariant (i) natural killer T (NKT) cells. These cells express an invariant Vα14-Jα18 chain in mouse, and in humans they have an orthologous Vα24 segment also rearranged with Jα18. The invariant TCR α chain is paired with a limited number of β chains; mainly Vβ8.2, Vβ7, and Vβ2 in mouse, and Vβ11 in humans (11, 12) . iNKT cells respond to glycosphingolipids (GSLs) with α-linked sugars, such as the model synthetic antigen α-galactosylceramide (α-GalCer), or microbial antigens such as α-galacturonosylceramide (GalA-GSL) from Sphingomonas spp. bacteria (13, 14) .
Recently, a different category of glycolipids, α-galactosyl diacylglycerolipids (α-GalDAG), have been identified as novel iNKT cell antigens. These compounds were derived from Borrelia burgdorferi (B. burgdorferi), the causative agent of Lyme disease, and a direct role for iNKT cells in host defense, and clearance of these microbes recently has been demonstrated (15, 16) . Naturally occurring B. burgdorferi α-galactosyl diacylglycerolipids (α-GalDAG) are composed of two fatty acids, esterified to the sn-1 and sn-2 hydroxyls of glycerol, whereas the galactose is attached to the sn-3 position with an α-glycosidic bond (17) . The fatty acids in the purified material, referred to as B. burgdorferi glycolipid-2 (BbGL-2), varied in length from C 14 to C 18 (methylene units) and can either be fully saturated or mono-or di-unsaturated. The most abundant natural fatty acids in the purified material included palmitic (C 16:0 ), stearic (C 18:0 ), oleic (C 18:1 ), and linoleic (C 18:2 ) acids. Because it was not possible to separate different compounds in the purified mixture based only on the fatty acid composition, we synthesized a panel of different α-GalDAG species with distinct fatty acid compositions representing the likely major species. In a previous report, it was demonstrated that, surprisingly, not all B. burgdorferi α-GalDAG antigens activated mouse and human iNKT cells (16) , despite the fact that they differ in a subtle fashion only for the fatty acids, which would be buried in the CD1d groove and therefore not in direct contact with the TCR. Furthermore, there was a dichotomy in the response of human and mouse iNKT cells to the synthetic BbGL-2 antigens, with those antigens having more unsaturated fatty acids best at activating only human iNKT cells (16) .
Here we have used a variety of methods to elucidate the biochemical and structural mechanisms underlying the unexpected and highly selective glycolipid antigen recognition of microbial antigens based on differences in the fatty acids. We also identify a key residue in CD1d that is in part responsible for the different specificities for α-GalDAG antigens when mouse and human iNKT cells are compared. To whom correspondence should be addressed. E-mail: dzajonc@liai.org.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0909479107/DCSupplemental. containing α-linked galactose similar to α-GalCer. This difference in antigenic potency could reflect a number of factors in addition to the strength of interaction with the TCR, including solubility, intracellular distribution, and stability of CD1d binding. Therefore, to achieve a quantitative comparison of the TCR interactions with the two different types of microbial antigens, we determined the equilibrium binding kinetics of a refolded Vα14Vβ8.2 TCR from an iNKT cell hybridoma with mouse CD1d (mCD1d) molecules loaded with α-GalCer, GalA-GSL, or BbGL2c (Fig. 1) , which is the most potent α-GalDAG antigen that we have identified for mouse iNKT cells. In surface plasmon resonance studies, when CD1d-glycolipid complexes were immobilized on the sensor chip, our TCR construct exhibited highly specific binding with α-GalCer (K D = 11.2 nM), calculated on the basis of the kinetic parameters (Fig. 1B) . Although this is in agreement with earlier measurements showing that the invariant TCR has an extraordinarily high affinity for mCD1d−α-GalCer complexes, the binding previously was reported to be weaker, in the 70-to 300-nM range (18) (19) (20) . This discrepancy could be the result of the different constructs used and/or the different CDR3β sequences in the TCRs analyzed. The binding affinity of the same TCR for the Sphingomonas GalA-GSL antigen bound to mCD1d was weaker (K D = 0.69 μM), consistent with the results of functional assays (Fig. 1C) . This reflects the combined influences of the galacturonic acid in GalA-GSL, which is not as potent as galactose, and the absence of the 4′ hydroxyl of the sphingosine base in GalA-GSL (13, (21) (22) (23) . To assess the binding of weak antigens, such as BbGl-2c, we immobilized the TCR on the sensor chip while passing over CD1d-glycolipid complexes (Fig. 1D) . As a control we also assessed the binding of the TCR for mCD1d-α-GalCer (K D = 12.5 nM), which was almost identical to the earlier measurements in which CD1d was immobilized. The TCR binding to BbGL-2c-mCD1d complexes is likewise consistent with immune response-based studies, with an even weaker K D than GalA-GSL, in the low micromolar range (6.2 μM), or approximately three orders of magnitude less than TCR binding to α-GalCer complexes with mCD1d. The TCR binding affinity for BbGL-2c-mCD1d complexes is comparable, however, to the binding of TCRs from conventional T lymphocytes to peptide-MHCI complexes (24) .
CD1d Defines Antigenic Fatty Acids in Borrelia Glycolipids. In general, the specificity of mouse and human iNKT cells is highly conserved (25) , reflecting conservation of the key CD1d and Vα TCR amino acids. Despite this, mouse and human iNKT cells respond with surprising selectivity to α-GalDAG glycolipids that differ with regard to their fatty acids. Mouse iNKT cells are best activated by BbGL-2c, the lipid backbone of which consists of a sn-1-linked oleic acid (18:1) and a sn-2-linked palmitic acid (16:0). By contrast, human iNKT cells react best to antigens with more unsaturated fatty acids, particularly BbGL-2f with sn-1-linked linoleic acid (18:2) and an sn-2-linked oleic acid (16) . This difference could reflect the preferential binding of lipid antigens with certain fatty acids. Amino acids of human and mouse CD1d are approximately only 60% identical in the α1 and α2 domains; as a result, the lipid binding properties of these homologs might not be equivalent. Alternatively, the different α-GalDAG antigens might bind well to either mouse or human CD1d, but the length and degree of unsaturation of the fatty acids might alter the position of the exposed hydrophilic head group or the conformation of CD1d. In this case, sequence divergence in the CD1d molecules and/or in the TCRs might define the observed species-specific reactivity.
To determine whether CD1d structural differences between species select for the presentation of certain glycolipid antigens, the mouse iNKT cell hybridomas 1.2 and 2C12 were tested for their ability to respond to plates coated with CD1d molecules that had been incubated with different glycolipid antigens. In agreement with previous results, plates coated with mCD1d presented BbGL-2c but not BbGL-2f ( Fig. 2A) . By contrast, when tested with plates coated with human CD1d, the same iNKT cell hybridomas responded to BbGL-2f but not BbGL-2c (Fig. 2B) . These results indicate that differences in the CD1d sequences between the two species, and not TCR sequence differences, are the primary factor influencing the selective recognition of certain α-GalDAG antigens by mouse iNKT cells. Therefore, the CD1d polypeptide sequences, presumably sequences in the binding grooves, determine which fatty acids are required for antigenic activity.
Borrelia Glycolipids with Different Fatty Acids Bind to CD1d. It is possible that the selective presentation of certain α-GalDAG antigens is due simply to their selective ability to bind to CD1d molecules. The naturally occurring fatty acids in the B. burgdorferi antigens are characterized not only by differences in aliphatic chain length, but also by the presence of unsaturated bonds in the cis configuration. As a result, the alkyl chain is kinked at the position of the unsaturated bond. To identify whether the differential recognition of borrelial diacylglycerolipids is correlated with differences in the binding capacity of human and mouse CD1d molecules, we carried out CD1d-lipid exchange experiments. As BbGL-2 is uncharged, loading to CD1d cannot directly be visualized by native isoelectic focusing gel electrophoresis (IEF). Therefore, we first loaded CD1d polypeptides with a sulfatide molecule bearing two negative charges (SLF2), purified the CD1d-SLF2 complexes from excess lipids, and incubated the CD1d-SLF2 complexes with the different borrelial glycolipids (Fig. 2 C and D) . (Fig. 2 C and D) . However, binding was not observed if replacement of SLF2 was attempted with one of the fully saturated BbGL-2 ligands, either BbGL-2h or -2i, possibly because of the reduced solubility and/or flexibility of the saturated alkyl chains. Also it appears that SLF2, which is a sphingolipid, binds more tightly to mCD1d than the borrelial diacylglycerolipids. Although the shift of CD1d on the IEF gels indicates SLF2 could completely replace the endogenous glycolipid loaded into CD1d in insect cells, reported to be phosphatidylcholine (26), a 6-fold excess of the α-GalDAG antigens could not completely replace SLF2 (Fig. 2) . This is consistent with the notion that sphingolipids such as SLF2 bind more tightly to CD1d than the diacylglycerolipids, owing perhaps to the intricate hydrogen bonding network between sphingolipids and residues of CD1d (8, 9).
Critical Amino Acid Position Determines Antigenicity of Borrelia Glycolipids. Although the binding grooves of mouse and human CD1d are only ≈60% identical, their overall structural features are generally conserved. A prominent difference is found, however, at glycine 155 in mouse CD1d, equivalent to tryptophan 153 in human CD1d, which is located on the α2-helix at the entrance to the binding groove. We considered it likely that this nonconservative substitution would be important for the speciesspecific presentation of α-GalDAG antigens by mouse and human CD1d. We therefore prepared soluble CD1d molecules in which these positions were substituted. Gly155 of mouse CD1d was replaced with tryptophan G155(mCD1d)W, thereby humanizing a soluble mouse CD1d protein at this position. Similarly, position 153 tryptophan in human CD1d was replaced with glycine, creating the variant designated as W153(hCD1d)G. The soluble CD1d molecules were tested for their ability to activate two mouse iNKT cell hybridomas. It is striking that the humanized G155(mCD1d)W molecule lost the ability to present BbGL-2c (Fig. 3A) . By contrast, the antigen-stimulated IL-2 production by BbGL-2f remained low, but it was increased slightly compared with wild type mCD1d ( Fig. 2A) . Overall, therefore, the G155 (mCD1d)W molecule had a preferential response to BbGL-2f, similar to human CD1d. The lower response compared to a fully human CD1d molecule suggests other amino acids also might contribute to the selectivity for more unsaturated fatty acids. The results from antigen presentation assays carried out with W153 (hCD1d)G, with tryptophan 153 of human CD1d mutated to glycine, confirm the importance of this site. In the response to plates coated with this human CD1d mutant, the mouse iNKT cell hybridomas exhibited a greatly increased response to BbGL-2c but not to BbGL-2f, yielding a preference pattern similar to the response to wild-type mouse CD1d molecules (Fig. 3B) , although the background response to W153(hCD1d)G without antigen was generally higher. In summary, the species-specific pattern of preferential responses based on the DAG antigen fatty acid composition could be recapitulated by substituting a single α2 helix amino acid position. Although this substitution had only a mild effect on the presentation of BbGL-2f, the amino acid at this position had a very strong effect on the presentation of BbGL-2c.
Crystal Structure Determination of mCD1d with BbGL-2c and BbGL-2f.
To elucidate the structural basis for BbGL-2c recognition by mouse iNKT cells, and to address why BbGL-2f when presented by mCD1d is not recognized, we have determined the crystal structures of both BbGL-2c and BbGL-2f bound to mCD1d at resolutions of 2.05Å and 1.85Å, respectively (Fig. 4 and Table S1 ). BbGL-2c is bound by mCD1d with the sn-1-linked oleic acid (18:1) inside the A′ pocket, where the cis-unsaturation facilitates the encircling of the A′ pole, formed by Cys12 and Phe70, in a counterclockwise orientation, when looked at from the top of the CD1d-binding groove. The sn-2-linked palmitic acid (16:0) is Response of Vα14i NKT cell hybridoma 1.2 to mCD1d (A) and human CD1d-coated plates (B) loaded with the indicated amount of BbGL-2c, -2f, and α-GalCer. Lower amount in parentheses refers to α-GalCer concentration. IL-2 levels were measured in culture supernatants by ELISA, after overnight incubation with the iNKT cell hybridoma. All data are mean ± SD for triplicate wells and represent two independent experiments. Response of 2C12 hybridoma to borrelia antigens was comparable and is not depicted here. Glycolipid loading to mouse (C) and human (D) CD1d molecules assessed by native IEF gel electrophoresis. (C) Purified "empty" CD1d was loaded with di-sulfatide (SLF2) and purified from unbound lipid (Left). CD1d-SLF2 complexes were incubated with the indicated BbGL-2 species and, upon successful lipid exchange, resulted in a gel shift to the lower (noncharged) position. (E) Fatty acid composition of synthetic BbGL-2 compounds used in the lipid-loading studies. Control lane: CD1d-SLF2 complexes were incubated only with buffer. No lipid is exchanged, and SLF2 remains stably bound. Fig. 3 . Vα14i NKT cell response to B. burgdorferi α-galactosyl diacylglycerolipids, presented by CD1d mutants. (A) "Humanized" mCD1d G155W mutant preferentially stimulates an iNKT cell hybridoma with BbGL-2f, whereas "mouse-like" humanCD1d W153G mutant (B) activates the same hybridoma when presenting BbGL-2c (details in Fig. 2 legend) .
inserted in an almost straight conformation into the F′ pocket, whereas the sn-3 linked galactose is exposed above the center of the binding groove between the A′ and F′ pocket for recognition by iNKT cells (Fig. 4 A-C) .
In striking contrast, BbGL-2f is bound in an opposite orientation. Here, the oleic acid is again bound in the A′ pocket; but because oleic acid is at the sn-2 position of the glycerol, the complete lipid backbone is rotated 180°in the binding groove (Fig. 4D) . The sn-1-linked linoleic acid (18:2) is bound in the F′ pocket in a rather extended conformation. Consequently, the α-linked galactose is exposed at the CD1d surface but is oriented in a different position, as discussed below. Thus, the fatty acid composition, especially the number and position of cis-unsaturations within the fatty acids of the diacylglycerolipid backbone, directly dictates the glycolipid orientation in the CD1d binding groove. This contrasts with the binding of sphingolipids, where the orientation of the ceramide backbone is conserved with the sphingosine base in the A′ pocket, even when the alkyl chains are truncated to a length that would allow sphingolipids to bind in opposite orientations. This conserved orientation of GSL binding is manifest by comparing the orientation of α-GalCer binding with the binding by GSLs with shorter fatty acids, including GalA-GSL, with a C14 fatty acid, and PBS-25, with a C8 fatty acid (23, 27, 28) . The fixed orientation for GSL binding to mCD1d is likely due to the good fit of the planar N-amide linkage of the ceramide backbone within the CD1d groove, combined with specific hydrogen bond interactions between CD1d and the hydroxyls of the sphingosine.
Comparison α-GalCer vs. BbGL-2 mCD1d Complexes. Although BbGL-2c has an α-anomeric galactose, identical to α-GalCer, the epitope it forms for TCR recognition is clearly different as a result of differences in lipid binding (Fig. 5) . The glycerol moiety of BbGL-2c is tilted toward the α1 helix, whereas α-GalCer sits more perpendicular inside the mCD1d groove. Consequently, the galactose of BbGL-2c is pointed upward and away from the α2 helix, thereby losing crucial hydrogen bond (H-bond) interactions with Asp153. This interaction is known to stabilize α-GalCer and to give rise to very well-defined electron density (27, 28) . Furthermore, the galactose headgroup rotates toward the α1-helix and forms a direct H-bond with Arg79 of CD1d that has not been observed in any structure of a mCD1d bound to an α-linked GSL antigen (23, 27, 28) . In comparison with α-GalCer, BbGL-2c is less stabilized by H-bond interactions. BbGL-2c forms only one H-bond between the 2′-OH of galactose and Arg79, in contrast to the 2′-and 3′-OH of galactose that interact with Asp153 when α-GalCer is bound. In addition, one H-bond is formed between the oxygen atom of the sn-2 linked fatty acid with threonine 156, whereas α-GalCer has four stabilizing H-bonds to bind the ceramide backbone in a conserved orientation (Fig. 5 A and B) .
Binding of nonantigenic BbGL-2f is even more divergent from binding of the prototypical GSL antigen α-GalCer. As the lipid backbone is bound 180°rotated inside the CD1d groove compared with BbGL-2c, because of the differences in the fatty acid structures, the lipid backbone is now tilted more toward the α2 helix, whereas the galactose of BbGL-2f is further rotated toward the α1-helix (Fig. 5C) . However, as the electron density for the headgroup of BbGL-2f is not well defined, a detailed analysis of the contacts between the galactose of BbGL-2f and CD1d would be speculative, and potential H-bonds are therefore not shown. Overall, the orientation of the galactose appears to be more flexible and dynamic in the crystal. Similar to BbGL-2c, only one H-bond is formed between the lipid backbone oxygen of sn1-linked linoleic acid and mCD1d; but in the case of BbGL-2f, this bond is formed with aspartic acid 80 in the α1 helix, instead of the H-bond with threonine 156 in the α2 helix observed with binding of BbGL-2c (Fig. 5B) .
A structural comparison of α-GalCer presentation by mouse and human CD1d molecules clearly illustrates the impact of the tryptophan side chain on the galactose positioning (Fig. S1A) . Furthermore, a model illustrating the glycine vs. tryptophan swap in mCD1d indicates that the current orientation of the galactose of both BbGL-2c and BbGL-2f will be affected by the bulky tryptophan side chain, which in turn would explain why BbGL-2c loses its antigenicity when presented by the mCD1dG155W mutant, whereas BbGl-2f remains a relatively weak antigen (Fig. S1B) .
The most striking difference in the display of the galactose moiety to the TCR is the increased rotation of the galactose headgroup above the mCD1d groove. In addition, the galactose of BbGL-2f emerges 2.7Å closer to the N-terminal end of the α1 helix, compared with that of BbGL-2c (Figs. 5 E and F) . When the CD1d-glycolipid complexes are viewed from the top (TCR view), BbGL-2c and BbGL-2f are rotated counterclockwise compared with α-GalCer by ∼60°and 120°, respectively. This rotation moves the OH-groups of the galactose by one (BbGL-2c) or two positions (BbGL-2f). That means that the 3′-OH group of BbGL-2c corresponds in structure to the disposition of the 2′OH group of α-GalCer, at least when placed in context with other OH groups. However, the galactose does not occupy the same lateral position in all three structures. It is not known what the role of the TCR is in positioning the galactose of BbGL-2c, as current models show a steric clash with CDR3α of the TCR (Fig. S2 ). Similar to iGb3, which we proposed is squashed flat by the TCR (29), we also postulate a repositioning of the galactose of BbGL-2c, at least slightly, which in turn could explain the overall weaker potency of BbGL-2c, compared even with GalA-GSL. Note that electron density is fairly weak for BbGL-2f headgroup, reflecting less than full occupancy or increased binding flexibility, whereas lipid backbone binding is very well defined. Also note how sn-1 and sn-2 alkyl chains of BbGL-2c and -2f are bound in opposite orientations inside mCD1d groove.
Discussion
Although the lipid portions of antigens are buried in the CD1 groove away from the TCR, there are several reports suggesting that the composition of the fatty acids, including the length, the degree of unsaturation, and the presence of other modifications, such as cyclopropyl groups (30), can strongly influence antigenic potency. For example, considering just iNKT cell recognition of CD1d molecules, an earlier report indicated that subtle changes in the lipid structure could profoundly affect the recognition of selfantigens, such as phosphatidylethanolamine, by the mouse 24.8.A iNKT cell hybridoma. Also, we previously reported that mouse and human iNKT cells are highly selective for the recognition of different, closely related α-GalDAG antigens, with the discrimination based entirely on fatty acid composition. The underlying molecular mechanism for this degree of specificity has remained elusive (31), although in principle it could be due to the selective ability of CD1d molecules to bind certain lipids. Alternatively, CD1d binding to compounds with different fatty acids might be relatively promiscuous, but the type of binding might be critical, with the fatty acid determining the orientation of the hydrophilic head group or required induced conformational changes in CD1d.
In this study we report the molecular basis of how the lipid composition of natural DAG lipids from the pathogen B. burgdorferi affects their antigenic potency. We show that CD1d binding of the borrelial α-GalDAG antigens is relatively promiscuous, in that it included some nonantigenic compounds, although α-GalDAG antigens without any unsaturated bonds did not bind under our assay conditions. Furthermore, we show that differences in the structure of CD1d rather than the TCR are likely the major determinant of fine specificity based on lipid composition in this system of natural antigens, as mouse iNKT cell TCRs could recognize the human-specific antigen BbGL-2f, when it was presented by heterologous human CD1d. Surprisingly, and unlike GSL antigens, borrelial α-GalDAG antigens can bind in two orientations, with the sn-1 acyl chain buried in either the A′ pocket, or rotated 180°and bound in the F′ pocket of CD1d. The binding orientation of the borrelial α-GalDAG antigens appears to depend exclusively on the nature of the fatty acid, especially the length and number of cis-unsaturations. Mouse CD1d clearly favors oleic acid in the A′ pocket, with fully unsaturated palmitic acid (BbGL-2c) or linoleic acid (BbGL-2f) bound in the F′ pocket. The shape of the mCD1d F′ pocket suggests that it is less restrictive and broader within the second half of the pocket (28) and, as such, presumably better suited for binding more diverse fatty acids including those with more than one cis-unsaturation. In the acidic environment of the lysosome where CD1d antigen loading occurs and where lipid exchange proteins also are found (32), it is possible that antigens undergo cycles of rebinding until they achieve the best fit with CD1d, which, in the case of mouse CD1d, would apparently favor oleic acid in the A′ pocket. Furthermore, depending on the fatty acid composition, it is possible that some antigens have a mixture of the two binding modes with the sn-1 fatty acid in the A′ pocket or the F′ pocket.
Our results further suggest that, in combination with the lipid binding orientation, a key residue, tryptophan 153 in human CD1d, equivalent to glycine 155 in mouse CD1d, influences the speciesspecific ability of CD1d molecules to present certain α-GalDAG antigens so that a stimulatory TCR epitope is formed, apparently in mouse CD1d by influencing the position of the exposed sugar. In the absence of a set of structures of human CD1d bound to the different α-GalDAG antigens, we remain less certain about the reason(s) for the preferential presentation of BbGL-2f by human CD1d or exactly why a human CD1d molecule with glycine at position 155 can present the Bb-GL2c antigen. Based on our findings, however, we propose a model predicting that for human CD1d the orientations of the two BbGL-2 DAG compounds would also differ by 180°, but that they would exhibit the opposite pattern, with the sn-1 fatty acid of BbGL2f, but not BbGL-2c, loaded in the A′ pocket. This would suggest that binding of oleic acid in the A′ pocket of human CD1d is somewhat disfavored. Consistent with this model, we propose that the increased presentation of BbGL-2c by the human CD1d mutant with a glycine at position 155 might also reflect a reversal in the lipid binding orientation. Although we can only speculate as to how a CD1d α helical amino acid affects lipid loading, such an influence is at least possible, however, considering the movements of the helices that must be required for opening up the CD1d groove for lipid binding.
In conclusion, in this study we have identified a mechanism determining the chemical bases for the fine specificity of glycolipid antigen recognition based on differences in the CD1d-buried lipid, and shedding light onto the conundrum as to why only a few glycolipids within a naturally occurring, larger family of α-GalDAG compounds are recognized by iNKT cells. Furthermore, we have uncovered how one α-helical amino acid can influence the species-specific responses to antigens, based at least in part by influencing the position of the sugar. It is intriguing to speculate that the remarkable and unexpected differences in the binding orientation of DAG antigens could be used as an immune evasion strategy by certain microbes, in which predominantly nonantigenic DAG antigens could be produced under some circumstances to avoid iNKT cell activation.
Methods
Protein Expression and Purification. Mouse and human CD1d-β2-microglobulin (β 2 M) heterodimeric proteins were expressed and purified essentially as reported previously for mCD1d (33) . (36) . Red is electronegative, and blue is electropositive (−30 to +30 kT/e). Important residues lining entrance to groove are labeled. Note how galactose of BbGL-2c and -2f loses binding to α2-helix of mCD1d but forms new contacts with α1-helix (mostly Arg79). Also, the lipid backbone of BbGL-2 is less stabilized by H-bond interactions compared with that of α-GalCer. BbGL-2c headgroup is rotated by 60°compared with α-GalCer and shifted to C-terminal end of α1-helix (to the right), whereas the nonantigentic BbGL-2f superimposes well with α-GalCer but is rotated 120°counterclockwise.
